Remarkable Ca 2+ pulses, gradients, and waves are generated during embryonic development. These Ca 2+ signals are thought to regulate a variety of developmental events, including fertilization, cell polarization, cell division, patterning along the dorsal-ventral axis, cell migration, development of the heart, neural induction, and patterning of the brain (Jaffe, 1995; Webb and Miller, 2003; Whitaker, 2006; Parrington et al., 2007; Slusarski and Pelegri, 2007 
Introduction
Remarkable Ca 2+ pulses, gradients, and waves are generated during embryonic development. These Ca 2+ signals are thought to regulate a variety of developmental events, including fertilization, cell polarization, cell division, patterning along the dorsal-ventral axis, cell migration, development of the heart, neural induction, and patterning of the brain (Jaffe, 1995; Webb and Miller, 2003; Whitaker, 2006; Parrington et al., 2007; Slusarski and Pelegri, 2007 Vertebrates, including humans, develop left-right asymmetries that include a left-sided heart, a lateralized digestive system, and specialized areas in the brain. Occasionally, the visceral organs develop in a complete mirror image, a condition called situs inversus, which typically presents itself without physiological problems. In contrast, symmetry of the internal organs (isomerism) or partial left-right reversal of the internal organs (heterotaxia) is associated with significant morbidity and mortality (Casey and Hackett, 2000; Aylsworth, 2001; Peeters and Devriendt, 2006) .
Cilia are believed to play a central role in the development of left-right asymmetry. Humans with primary ciliary dyskinesia (PCD) have frequent bronchitis, immotile sperm, and exhibit situs inversus in 50% of the cases. Examination of the cilia by electron microscopy revealed that some PCD patients have ultrastructural defects in the dynein component of the cilia, suggesting a role of dynein-containing motile cilia in development of left-right asymmetry (Afzelius, 1976 (Afzelius, , 1985 . This idea was supported by the observation that situs inversus in iv mice is caused by a mutation in the gene coding for leftright dynein (Supp et al., 1997 (Supp et al., , 1999 . Moreover, it was shown that dynein-containing monocilia in mouse embryos generate leftward flow of fluid over the embryonic node and reversal of the nodal flow can reverse the left-right orientation of subsequent development (Nonaka et al., 1998 (Nonaka et al., , 2002 Hirokawa et al., 2006) . There are currently two models on how the nodal flow may regulate left-right asymmetry. The first model proposes that a flow of fluid carries secreted proteins or small vesicles towards the left side of the node (Vogan and Tabin, 1999; Tanaka et al., 2005; Hirokawa et al., 2006) . The second model proposes that the nodal flow is detected by non-motile cilia containing the Ca 2+ -permeable cation channel Polycystin-2 (Pkd2). Flexing of these cilia results in an intracellular Ca 2+ elevation on the left side of the node, and the elevated Ca 2+ level in turn activates asymmetric patterns of gene expression (Hostetter et al., 2003; McGrath et al., 2003; Mercola, 2003; Tabin and Vogan, 2003; Yost, 2003) . Dynein expressing cells and cilia have also been found in node-like structures of other vertebrates, including chick, Xenopus, and zebrafish (Essner et al., 2002) . In chick embryos, an accumulation of extracellular Ca 2+ was observed on the left side of Hensen's node, activating Notch signaling, and subsequent left-sided gene expression (Raya et al., 2004) . However, a leftward flow of fluid has not been observed in chick embryos. A leftward flow of fluid has recently been observed in Xenopus embryos, and suppression of this flow by injection of methylcellulose in the archenteron results in laterality defects (Schweickert et al., 2007) . Cilia and fluid flow are also thought to be important for left-right patterning in zebrafish embryos. The zebrafish embryo is an attractive model system to study these developmental processes, because of its genetics, transparency, and rapid external development. During the early somite stages, zebrafish embryos form a small ciliated vesicle in the tail region. This organ, called Kupffer's vesicle, is a conserved structure in teleost fish that was first described in 1868 (Kupffer, 1868) . At the 6-10 somite stage, zebrafish embryos develop motile cilia in the lumen of the vesicle and these cilia generate a counterclockwise flow of fluid (Essner et al., 2005; Kramer-Zucker et al., 2005) . The distribution of cilia predicts a strong leftward flow in the anterior region of the vesicle, and a slow backflow in the central and posterior region of the vesicle (Kreiling et al., 2007) . The vesicle gradually regresses during later development, and is small or absent at the 18 somite stage. The function of Kupffer's vesicle has been examined by disrupting the vesicle, which affects the development of left-right asymmetry (Essner et al., 2005) . Several studies in zebrafish suggest that Ca 2+ signals play a role in development of left-right asymmetry, and that the underlying mechanisms may be similar to those described in mammals. First, morpholino-mediated knockdown of Polycystin-2 (Pkd2), a Ca 2+ -permeable cation channel, affects asymmetric gene expression and randomizes left-right asymmetry in the heart and gut (Bisgrove et al., 2005) . Second, mouse and zebrafish pkd2 À/À mutants both develop similar laterality defects, although the cation channels activate asymmetric expression of Nodal in mouse while restricting asymmetric expression of the nodal-related gene southpaw in zebrafish (Schottenfeld et al., 2007) . Third, Inositol 1,3,4,5,6-pentakisphosphate 2-kinase (Ipk1) knockdown in zebrafish embryos randomized left-right specific gene expression and organ placement, and suppressed Ca 2+ elevations in the area surrounding Kupffer's vesicle at the 5-8 somite stage (Sarmah et al., 2005) . Fourth, morpholinomediated knockdown of the sodium-calcium exchanger Ncx4a in the dorsal forerunner cells resulted in a disruption of asymmetric gene expression and a randomization of organ placement (Shu et al., 2007) . All four studies suggest that Ca
2+
acts downstream of vesicle formation and upstream of asymmetric gene expression. While Ncx4a is required for cilia motility (Shu et al., 2007) , Ipk1 and Pkd2 are thought to play a role in the translation of the counter-clockwise flow of fluid into asymmetric patterns of gene expression (Bisgrove et al., 2005; Sarmah et al., 2005; Schottenfeld et al., 2007) . Although cilia are likely to play a role in left-right development, they may not represent the first symmetry breaking step (Levin, 2005; Levin and Palmer, 2007) . Studies in Xenopus suggest that left-right asymmetry is specified long before cilia are formed in the embryonic node. Maternal H + /K + ATPase mRNA and H + -V-ATPase are asymmetrically localized during the first 2-3 cell divisions and inhibition of these ATPases affects asymmetric gene expression and organ placement (Levin et al., 2002; Levin, 2005; Adams et al., 2006; Levin and Palmer, 2007) . Moreover, inhibition of the H + -V-ATPase affects left-right asymmetry in chick and zebrafish embryos, suggesting a developmentally conserved role of H + flux in leftright patterning (Adams et al., 2006) . These asymmetries during early cell division are likely to represent an ancient evolutionary mechanism of lateralization, which is conserved in many vertebrate species (Levin and Palmer, 2007) . At present, it is unclear how the cytoplasmic localizations during early cell division and the later ciliary mechanisms intersect.
Between the cleavage-stage mechanisms and the ciliadependent nodal flow, are signals that regulate in cilia formation. Several of these signals have been described in zebrafish (Essner et al., 2005) , including No-tail (Ntl), a T-box transcription factor (Schulte-Merker et al., 1994) , and One eyed pinhead (Oep), an extracellular EGF-CFC protein essential for signaling of the Nodal-related factors Squint (Ndr1) and Cyclops (Ndr2) (Gritsman et al., 1999) . Injection of ntl antisense morpholinos in the yolk of mid-blastula stage embryos specifically knocks down Ntl function in the dorsal forerunner cells, the founder cells of Kupffer's vesicle. Knocking down Ntl function in these cells affects formation of Kupffer's vesicle in a cell autonomous manner, and randomizes asymmetric patterns of gene expression in the presumptive heart and brain (Amack and Yost, 2004) . Similarly, ntl mutant embryos fail to develop a normal vesicle and develop subsequent left-right lateralization defects (Essner et al., 2005) . Inhibition of the endoplasmic reticulum (ER) Ca 2+ pump can induce cyclopia and tail defects in zebrafish embryos, suggesting that Ca 2+ might interact with the Ntl or Nodal pathways (Creton, 2004 following a pharmacological screen using various modulators of calcium homeostasis (data not shown), which revealed that thapsigargin has striking effects on early development (Creton, 2004) . Such drug screens are an effective, rapid, and inexpensive approach to implicate molecular targets and complement molecular screening strategies (den Hertog, 2005; Adams and Levin, 2006) . In the present study, we incubated embryos from 4 to 6 hours post fertilization (hpf) in 0.5 lM thapsigargin, a twofold lower concentration than was used our prior study to induce eye and tail defects (Creton, 2004) . Thapsigargin was added to the culture medium from a 1000· stock dissolved in DMSO. As a control, embryos were incubated from 4 to 6 hpf in 1 ll/ml DMSO. Ca patterns were imaged by confocal microscopy at 6-7 hpf, when the dorsal margin thickens and the triangle-shaped dorsal forerunner cells are distinctly visible at the leading edge of the dorsal margin (Fig. 1) . The Ca 2+ indicator is excluded from the yolk soon after injection, but is present in the ectoderm and mesendoderm during gastrulation ( Fig. 1A and B) . Cytosolic Ca 2+ concentrations in the controls show a modest but consistent elevation in the ventral margin (Fig. 1C) (Webb and Miller, 2003) , and further studies on the chirality of these unidirectional waves might reveal novel mechanisms of lateralization during gastrulation. 
2.2.
The majority of thapsigargin-treated embryos develop normal eyes and tails
When the ER Ca
2+ pump is suppressed with 0.5 lM thapsigargin from 4 to 6 hpf, 94% of the embryos (SEM = 3, n = 9 experiments, 301 embryos) develop a normal tail, trunk, and head with two well-separated eyes. These embryos hatch from their chorions, swim around in the culture dish, and have a touch reflex. The remaining 6% of the embryos develop with eye and tail defects, including fused eyes (3%), short tails (2%), or fused eyes and short tails (1%), as described previously (Creton, 2004) . Control embryos, treated with 1 ll/ml DMSO from 4 to 6 hpf showed fusion of the eyes in 0.3% of the embryos (SEM = 0.3, n = 7 experiments, 252 embryos). Tail defects were not observed in the DMSO-treated controls. The modest increase in eye and tail defects following thapsigargin treatment is not statistically significant (two-tailed t-test, P > 0.05). We conclude that the suppression of the ER Ca 2+ pump with low concentrations of thapsigargin does not have a significant effect on the progression of development through gastrulation, segmentation, and organogenesis. In subsequent experiments we examined whether laterality defects can be detected in thapsigargintreated embryos.
2.3.
Suppression of the ER Ca 2+ pump induces heart laterality defects
Heart laterality was examined in vivo at 30 and 50 hpf. During normal development, the heart is left-sided at 30 hpf. At 50 hpf, the atrium is left-sided and the ventricle loops to a more central position ( Fig. 2A ). Embryos treated with 0.5 lM thapsigargin from 4 to 6 hpf showed distinct heart laterality defects ( Fig. 2B-D) . At 30 hpf, the heart orientation was reversed (right-sided) in 19% of the embryos and centralized in 34% of the embryos (n = 72). Heart looping at 50 hpf was reversed along the left-right axis in 25% of the embryos and straight centralized hearts were observed in 14% of the embryos (Table 1 ). The decrease of centralized hearts and increase in reversed hearts over time, suggests that some of the centralized hearts loop either to the left or the right between 30 and 50 hpf. To include this late lateralization, embryos were examined at 50 hpf in subsequent experiments (Table 1) . Cyclopiazonic acid, another inhibitor of the ER Ca 2+ pump, induced heart reversals in 14% of the embryos and centralized hearts in 27% of the embryos. In contrast, heart reversals were observed in only 2% of untreated embryos and 2% of DMSOtreated controls, while centralized hearts were observed in 4% of the untreated embryos and 2% of the DMSO-treated controls. We conclude that inhibition of the ER Ca 2+ pump induces heart laterality defects and we examined whether laterality of the brain is affected as well.
Inhibition of the ER Ca
2+ pump affects laterality of the brain Left-right patterning in the brain was examined by pitx2 RNA in situ hybridization at the 22-25 somite stage (Fig. 3 ). In the ventral diencephalon pitx2 is expressed bilaterally, while in the dorsal diencephalon pitx2 is typically expressed on the left side only. Most of the control embryos treated with DMSO from 4 to 6 hpf showed normal left-sided pitx2 expression in the dorsal diencephalon. Right-sided pitx2 expression was observed in 10% of the DMSO-treated control embryos (SEM = 0.5, n = 2 experiments, 42 embryos). Right-sided pitx2 expression was observed in 35% of the embryos treated with 0.5 lM thapsigargin from 4 to 6 hpf (SEM = 3, n = 3 experiments, 97 embryos), which is significantly increased compared to the controls (t-test, P < 0.05). Bilateral expression in the dorsal diencephalon was not observed in any of the control embryos (n = 2 experiments, 42 embryos), but was observed in 21% of the embryos treated with thapsigargin (SEM = 7, n = 3 experiments, 97 embryos). Pitx2 is one of the key factors that drive left-right asymmetry in the pineal complex, which in turn affects laterality of the dorsal habenular nuclei in the brain (Concha et al., 2000; Gamse et al., 2003) . DFC compared to the ventral margin (two-tailed t-test, P < 0.05, n = 13). Ca 2+ concentrations increase significantly in the ventral margin, dorsal margin, and dorsal forerunner cells following treatment with 0.5 lM thapsigargin from 4 to 6 hpf (twotailed t-test, P < 0.05, n = 13). Scale bar = 200 lm.
To examine if suppression of the ER Ca 2+ pump affects laterality of the dorsal habenular nuclei, we labeled neural patterns at 4 days post fertilization (dpf) using an acetylated tubulin antibody ( Fig. 3E -G). The prominent habenular nucleus was left-sided in 100% of the control embryos, treated with 1 ll/ml DMSO from 4 to 6 hpf (n = 15). Suppression of the ER Ca 2+ pump with 0.5 lM thapsigargin from 4 to 6 hpf resulted in a randomization of habenular asymmetry; 49% of the embryos had a left-sided prominent habenular nucleus, 39% of the embryos had a right-sided prominent habenular nucleus, and 12% of the embryos displayed symmetric habenular nuclei (n = 49). We conclude that inhibition of the ER Ca
2+
pump induces a randomization of laterality in the heart and brain. Embryos were treated with 1 ll/ml DMSO, 0.5 lM thapsigargin, or 5 lM cyclopiazonic acid (CPA) from 4 to 6 hpf. Heart laterality was examined at 50 hpf (% of defects, ± standard error of the mean). N exp, number of experiments. ** P < 0.01, * P < 0.05 (two-tailed t-test, DMSO vs. thapsigargin).
2.5.
Concordance of laterality in multiple organs
To examine the concordance of multiple organ systems after suppression of the ER Ca 2+ pump, heart laterality was examined in vivo at 2 dpf, and gut laterality was examined in vivo at 3 dpf ( Fig. 3H and I ). Gut orientation is clearly visible at this time, if the culture medium contains PTU (which prevents pigment formation) and methylene blue (which accumulates in the digestive tract). At 4 dpf, the embryos were fixed for immunolabeling using an acetylated tubulin antibody, revealing the prominent habenular nucleus in the brain. We analyzed heart-brain concordance (Table 2) , heart-gut concordance (Table 3) , and gut-brain concordance (Table 4 ). In the thapsigargin-treated group, we observed heart-brain concordance in 34/49 (69%) of the embryos, heart-gut concordance in 33/41 (80%) of the embryos, and gut-brain concordance in 23/32 (72%) of the embryos. In all cases, this level of concordance (69-80%) is significantly higher than expected in an independent randomization (Chisquare test, P < 0.01, P < 0.01, P < 0.05, respectively), but lower Embryos were treated with 1 ll/ml DMSO (DMSO) or 0.5 lM thapsigargin (TG) from 4 to 6 hpf. Heart laterality was examined in vivo at 2 days post fertilization (dpf). Left heart, left-sided atrium; right heart, right-sided atrium. The position of the prominent habenular nucleus (PHN) in the forebrain was examined by immunolabeling of acetylated tubulin at 4 dpf. In all experimental groups, heart-brain concordance is significantly higher than would be expected in a randomized population, with 50% left-sided PHN and 50% right-sided PHN (Chi-square test, P < 0.01). Concordance is shown in italics.
than the 100% concordance observed in the DMSO-treated controls. To better understand the underlying cellular and molecular mechanisms, we examined when the embryos are most sensitive to inhibition of the ER Ca 2+ pump.
Embryos are sensitive to thapsigargin during gastrulation
Embryos were treated with 0.5 lM thapsigargin during early gastrulation (4-6 hpf), mid gastrulation (6-8 hpf), late gastrulation (8-10 hpf) or the early somite stages (10-12 hpf) to identify the sensitive period for the heart laterality defects. The orientation of the heart was examined at 50 hpf and embryos were classified as having a normal, reversed, or centered heart (Fig. 4) . The percentage of embryos with heart laterality defects averaged 38% at 4-6 hpf (SEM = 4, n = 7 experiments, 138 embryos), 48% at 6-8 hpf (SEM = 11, n = 7 experiments, 117 embryos), 18% at 8-10 hpf (SEM = 3, n = 8 experiments, 410 embryos), and 3% at 10-12 hpf (SEM = 0.4, n = 3 experiments, 260 embryos). Thus, embryos are most sensitive to thapsigargin during early and mid-gastrulation and lose sensitivity during early segmentation. The decrease in heart laterality defects during late gastrulation is significant at a 95% confidence limit (two-tailed t-test, P < 0.05, comparing 6-8 and 8-10 hpf). The decrease in heart laterality defects during early segmentation is significant at a 99% confidence limit (two-tailed t-test, P < 0.01, comparing 8-10 and 10-12 hpf). These results demonstrate that normal left-right lateralization depends on the ER Ca 2+ pump during early to mid gastrulation, and potential Ca 2+ sensitive targets were examined at this time.
Expression patterns of ntl and lrdr in the dorsal forerunner cells
To better understand the developmental mechanisms following suppression of the ER Ca 2+ pump during gastrulation, we examined the dorsal forerunner in more detail (Fig. 5) . The dorsal forerunner cells display endocytotic activity, which can be labeled with the vital dye Syto11 (Cooper and D'Amico, 1996) . We found that the dorsal forerunner cells are located at the leading edge of the dorsal margin, in both thapsigargin-treated embryos and the DMSO-treated control embryos. The area of the dorsal forerunner cells was measured in side view confocal slices ( Fig. 5C and F) . This area averaged 2750 lm 2 (SEM = 200, n = 9) in the DMSO-treated controls and 2604 lm 2 (SEM = 80, n = 11) in the thapsigargin-treated embryos. These areas are not significantly different (twotailed t-test, P > 0.4). We then examined the expression pattern of ntl and lrdr by RNA in situ hybridization (Fig. 5G-L) . DMSO-treated control embryos fixed at 7 hpf (60% epiboly) express ntl mRNA in the expected pattern in the margin, midline mesoderm (presumptive notochord), and the dorsal forerunner cells, as described in previous studies (Schulte-Merker et al., 1994; Thisse et al., 2001 ). Embryos treated with 0.5 lM Concordance of the heart and gut is shown in italics. Concordance of the gut and brain is shown in italics. Fig. 4 -Developmental stages sensitive to inhibition of the ER Ca 2+ pump. Heart laterality defects were scored at 50 hpf in embryos treated with 0.5 lM thapsigargin from 4-6, 6-8, 8-10, or 10-12 hpf. The bar graph shows the percentage of centralized hearts, reversed hearts, and the total of centralized plus reversed hearts. The decrease in heart defects between 6-8 and 8-10 hpf is significant at a 95% confidence limit (two-tailed t-test, P < 0.05). The decrease in heart defects between 6-8 and 10-12 hpf is significant at a 99% confidence limit (two-tailed t-test, P < 0.01).
thapsigargin from 4 to 6 hpf and fixed at 7 hpf display a similar expression pattern in the margin and midline mesoderm; however, ntl expression was found only in a few dorsal forerunner cells (Fig. 5J and K) . On average, ntl expression was visible in 42% of the dorsal forerunner cells (SEM = 3, n = 70), compared to 94% in the DMSO controls (SEM = 2, n = 70). This difference is significant at a 99% confidence limit (two-tailed t-test, P < 0.01). Expression of lrdr was examined at 8 hpf ( Fig. 5I and L) . At that time, lrdr expression is strictly localized to the dorsal forerunner cells. We detected lrdr expression in 84% of the DMSO-treated embryos (n = 31), and in 0% of the thapsigargin-treated embryos (n = 32). This difference is significant at a 99% confidence limit (Chi-square test, P < 0.01).
From these results we conclude that suppression of the ER Ca 2+ pump down-regulates ntl and lrdr expression in the dorsal forerunner cells. Since ntl plays a role in the Kupffer's vesicle formation (Amack and Yost, 2004) , we then examined whether thapsigargin affects the formation of this vesicle.
Inhibition of the ER Ca 2+ pump affects the formation of Kupffer's vesicle
The formation of Kupffer's vesicle was examined at the 6-9 somite stage (12-13 hpf) in embryos treated 0.5 lM thapsigar- gin from 6 to 8 hpf. Control embryos, treated with DMSO from 6 to 8 hpf, have a 60-80-lm vesicle in the tail region that is readily seen in vivo by bright field microscopy. In contrast, most embryos treated with 0.5 lM thapsigargin from 6 to 8 hpf lack the vesicle (Fig. 6) . Small vesicles can be observed in the yolk during normal development. To distinguish these vesicles from Kupffer's vesicle we used two criteria: Kupffer's vesicle had to be present in the tail region and at least 15 lm in diameter. We found that Kupffer's vesicle was present in 98% (SE = 0.8, n = 4 experiments, 198 embryos) of the control embryos. In contrast, Kupffer's vesicle was present in only 27% (SE = 9, n = 4 experiments, 203 embryos) of the thapsigargin-treated embryos. This difference is significant at a 99% confidence limit (two-tailed t-test, P < 0.01).
To examine whether the presence of Kupffer's vesicle has a predictive value for further developmental events, thapsigargin-treated embryos with a vesicle were separated from embryos without a vesicle at 12-13 hpf. The separated groups were fixed at the 9 somite stage (13 hpf) and processed for immunocytochemistry using an acetylated tubulin antibody that labels cilia. Z-stacks were acquired through the tail region by confocal microscopy and the stacks were collapsed into maximum projections. Control embryos, treated with DMSO from 6 to 8 hpf, showed a distinct patch of cilia in the tail region (Fig. 6C) . The DMSO-treated controls had an average of 55 cilia in the tail region (SE = 6, n = 15). Thapsigargin-treated embryos with a vesicle had an average of 20 cilia in the tail region (SE = 5, n = 14), a significant decrease compared to the DMSO-treated controls (two-tailed t-test, P < 0.001). Thapsigargin-treated embryos without a vesicle frequently lacked cilia in the tail region (Fig. 6F) . This group showed an average of 2 cilia in the tail region (SE = 1, n = 14), a significant decrease compared to the DMSO controls (twotailed t-test, P < 0.001), and a significant decrease compared to the thapsigargin-treated embryos with a vesicle (two-tailed t-test, P < 0.01). Separate groups of embryos with or without a vesicle were examined for heart laterality defects at 50 hpf (Fig. 6H) . The absence of the vesicle correlates with an in- Embryos containing a vesicle were separated from embryos without a vesicle at 12-13 hpf and the two groups were examined for heart laterality defects at 50 hpf. Scale bars are 50 lm.
creased percentage of heart laterality defects. 39% of the thapsigargin-treated embryos without a vesicle showed heart laterality defects (SE = 4, n = 4 experiments, 155 embryos), while only 9% of the thapsigargin-treated embryos with a vesicle showed heart laterality defects (SE = 3, n = 4 experiments, 48 embryos). This difference is significant at a 99% confidence limit (two-tailed t-test, P < 0.01). In the DMSO-treated controls, 4 of the 198 embryos did not develop a vesicle and one of these four developed a reversed heart. Heart laterality defects were not observed in any of the 194 DMSO-treated embryos that did develop a vesicle. We conclude that inhibition of the ER Ca 2+ pump affects vesicle morphology. In addition, vesicle morphology has a predictive value for subsequent development of left-right asymmetry.
Discussion
3.1. Ca 2+ patterns in the margin and dorsal forerunner cells during gastrulation
Our ratiometric Ca 2+ imaging experiments show that cytosolic Ca 2+ concentrations are significantly higher in the ventral margin than they are in the dorsal margin or dorsal forerunner cells (Fig. 1) . Each of these three embryonic regions has a specific role in development of the tail. The ventral margin is a tail organizing region and contributes to non-axial tissues in the tail (Agathon et al., 2003) , the dorsal margin contributes to notochord mesoderm, and the dorsal forerunner cells form Kupffer's vesicle in the tail region (Essner et al., 2005) . All three embryonic regions express the ntl gene during gastrulation. In the segmentation period, ntl expression is lost in the non-axial tissues, but is maintained in the notochord and Kupffer's vesicle (Thisse et al., 2001 ). Thus, the higher Ca 2+ concentrations observed in the ventral margin correlate with a loss of ntl expression, while the lower Ca 2+ concentrations observed in the dorsal margin and dorsal forerunner cells correlate with the maintenance of ntl expression. While it is attractive to speculate that Ca 2+ concentrations affect the ntl expression pattern, it should be noted that the observed Ca 2+ concentrations and loss of ntl expression in the ventral margin are separated by more than 4 h of development and these two events may not be causally related. To examine the developmental roles of Ca 2+ during gastrulation, we suppressed the ER Ca 2+ pump with 0.5 lM thapsigargin, a twofold lower concentration than was previously used to induce cyclopia and tail defects in zebrafish embryos (Creton, 2004) .
Suppression of the ER Ca 2+ pump
Suppression of the ER Ca 2+ pump with 0.5 lM thapsigargin results in a significant elevation of cytosolic Ca 2+ in all embryonic regions (Fig. 1) . This general elevation of cytosolic Ca 2+ is expected when Ca 2+ uptake into the ER is suppressed while Ca 2+ release from the ER continues, and is consistent with long-lasting elevations of cytosolic Ca 2+ following treatment with 1 lM thapsigargin (Creton, 2004 (Verkhratsky, 2005; Lewis, 2007; Shimizu and Hendershot, 2007) . The observed increase in cytosolic Ca 2+ did not affect development of the head, trunk, and tail, which is notable considering the universal nature of Ca 2+ as a messenger. In conclusion, we show that suppression of the ER Ca 2+ pump with 0.5 lM thapsigargin results in a significant elevation of cytosolic Ca 2+ . This Ca 2+ elevation is insufficient to induce general head, trunk, and tail defects. However, specific laterality defects were observed.
Suppression of the ER Ca
2+ pump affects laterality of the heart and brain
Our results show that suppression of the ER Ca 2+ pump during gastrulation results in randomization of left-right asymmetry in the developing heart and brain. Heart laterality was visualized using a non-invasive in vivo imaging technique that highlights moving structures, while subtracting structures that remain stationary (Fig. 2) . We found that heart laterality was affected by thapsigargin or cyclopiazonic acid, two inhibitors of the ER Ca 2+ pump (Table 1) . Heart laterality was absent or reversed in approximately half of the embryos, suggesting a randomization of heart laterality. Apart from the heart laterality defects, suppression of the ER Ca 2+ pump also randomized left-right asymmetry in the developing brain (Fig. 3) . During normal development, pitx2 expression in the dorsal diencephalon is left-sided. Embryos treated with thapsigargin showed left-sided, right-sided, and bilateral pitx2 expression in the dorsal diencephalon. Right-sided pitx2 expression was observed in a relatively high percentage of embryos (35%), indicating this is a class II random lateralization (Bisgrove et al., 2000) . Class II random lateralization is observed in spadetail and chordino mutants, (Bisgrove et al., 2000) , and in embryos with ntl knockdown in the dorsal forerunner cells (Amack and Yost, 2004) . In addition, random lateralization can be observed after laser ablation of the dorsal forerunner cells (Essner et al., 2005) . Pitx2 is one of the key factors that drives left-right asymmetry in the pineal complex, which in turn induces laterality in the dorsal habenular nuclei of the brain (Concha et al., 2000; Gamse et al., 2003; Gamse et al., 2005) . During normal development, the left-sided dorsal habenular nucleus is larger than the right-sided dorsal habenular nucleus. We found that suppression of the ER Ca 2+ pump during gastrulation was sufficient to randomize the location of the prominent dorsal habenular nucleus (Fig. 3) . The laterality of the prominent dorsal habenular nucleus correlates with subset of asymmetric behavioral responses (Barth et al., 2005; McManus, 2005) , suggesting that Ca 2+ manipulation during gastrulation may affect behavioral asymmetries. In conclusion, our results show that inhibition of the ER Ca 2+ pump randomizes laterality of the heart and brain. However, from the results above it is unclear if laterality of the heart and brain is randomized independently or concordantly.
3.4.

Concordance of laterality in multiple organs
To examine the concordance of laterality in multiple organ systems, we examined laterality of the heart, gut, and brain in individual embryos. Our results show 69% concordance in laterality of the heart and brain following suppression of the ER Ca 2+ pump. Thus, an embryo with a left-sided heart is likely to have a left-sided prominent habenular nucleus, while an embryo with a right-sided heart is likely to have a right-sided prominent habenular nucleus. Similar percentages were obtained for concordance of laterality in the heart and gut (80%) and for concordance of laterality in the gut and brain (72%). Asymmetric gene expression is activated in posteriorto-anterior direction and the propagation is dependent on the Ca 2+ permeable cation channel Polycystin-2 (Schottenfeld et al., 2007) . Thus, discordance may result from signals that do not spread far enough anteriorly to drive matching laterality in multiple organ systems. With 80% heart-gut concordance, 20% of the thapsigargin-treated embryos display discordance of the visceral organs. In humans, discordant laterality of visceral organs is referred to as heterotaxia, a syndrome with significant morbidity and mortality (Peeters and Devriendt, 2006) . In this context, it is important to better understand which Ca 2+ modulators are capable of inducing discordance and to better understand genetic variability affecting sensitivity to Ca 2+ modulation.
Sensitivity during gastrulation
Embryos are most sensitive to thapsigargin treatment during early gastrulation (4-6 hpf) and mid gastrulation (6-8 hpf), while losing their sensitivity during late gastrulation (8-10 hpf), and early segmentation (10-12 hpf). Earlier treatments with thapsigargin (before 4 hpf) have profound effects on cleavages and embryonic survival, which obscures potential effects on left-right asymmetry. Thus, our results do not rule out possible earlier roles of calcium during the cleavage stages. The fact that thapsigargin treatment during early and mid gastrulation can induce laterality defects, suggests that Ca 2+ interacts with signaling pathways that are activated during this time.
Expression of ntl, lrdr, and formation of Kupffer's vesicle
To better understand the developmental mechanisms between gastrula-stage Ca 2+ and the emergence of left-right asymmetry in the heart and brain, we examined the expression patterns of no-tail (ntl), a T-box transcription factor that plays a central role in the development of left-right asymmetry (Amack and Yost, 2004) . We found that suppression of the ER Ca 2+ pump during mid gastrulation resulted in suppression of ntl expression in the dorsal forerunner cells. The suppression of ntl in the dorsal forerunner cells could well explain the observed left-right laterality defects, since ntl knockdown in the dorsal forerunner cells affects left-right laterality without affecting tail development (Amack and Yost, 2004) . The mechanisms activated by thapsigargin might be similar to those activated during normal development in the ventral margin, which also shows elevated concentrations of cytosolic Ca 2+ (this study) and a down-regulation of ntl expression in subsequent development (Thisse et al., 2001; Agathon et al., 2003) . Further studies are needed to determine whether or not these events are causally related. For example, embryos treated with higher thapsigargin concentrations develop tail defects (Creton, 2004) and it would be interesting to examine if these tail defects are caused by a premature downregulation of ntl expression in the margin. It has been shown previously that ntl is needed for the expression of left-right dynein related (lrdr) in the dorsal forerunner cells, but does not affect Syto11 staining of the dorsal forerunner cells (Essner et al., 2005) . Similarly, our results show that suppression of the ER Ca 2+ pump results in the inhibition of lrdr expression, without affecting Syto11 staining in the dorsal forerunner cells (Fig. 5) . While the inhibition of lrdr expression may be mediated by the down-regulation of ntl expression (Essner et al., 2005) , the observed down-regulation of ntl might be more direct. For example, Ca 2+ may affect gene expression via post-translational modifications of signaling proteins in the ER (Groenendyk et al., 2004; Verkhratsky, 2005; Shimizu and Hendershot, 2007) , or via calmodulin-dependent kinases, which phosphorylate transcriptional regulators (Slusarski and Pelegri, 2007) . Expression of ntl in the dorsal forerunner cells is essential for the formation of Kupffer's vesicle, a ciliated organ of asymmetry that develops in the tail region during the early somite stages (Amack and Yost, 2004 ). Kupffer's vesicle fails to develop in ntl b195 mutant embryos (Essner et al., 2005) and in embryos after knock down of ntl function in the dorsal forerunner cells (Amack and Yost, 2004) . Despite the absent vesicle, these embryos form a patch of disorganized cilia in the tail region. In the present study, we show that inhibition of the ER Ca 2+ pump inhibits development of Kupffer's vesicle (Fig. 6) . The vesicle was absent in 73% of the embryos and the absence of a vesicle correlates with an increased percentage of heart laterality defects. Cilia were observed after inhibition of the ER Ca 2+ pump, although the number of cilia was greatly reduced. Thapsigargin-treated embryos with a vesicle had an average of 20 cilia. Thapsigargin-treated embryos without a vesicle had an average of 2 cilia, with the majority of embryos showing no cilia (9/14 embryos). We conclude that suppression of the ER Ca 2+ pump affects Kupffer's vesicle formation, and propose that this is mediated by a down-regulation of ntl expression in the dorsal forerunner cells (Fig. 7) . The model shown in Fig. 7 provides a brief summary of the proposed mechanisms. In this model, many known components have been omitted to highlight the distinct roles of Ca 2+ before and after Kupffer's vesicle formation. The model shows the dorsal forerunner cells during gastrulation. These cells express ntl, which is essential for Kupffer's vesicle formation (Amack and Yost, 2004) . ntl also activates lrdr expression in the dorsal forerunner cells, which is needed for ciliary motility (Essner et al., 2005) . During early segmentation, the dorsal forerunner cells form Kupffer's vesicle, which generates a counter-clockwise flow of fluid when viewed from the dorsal side (Essner et al., 2005; Kramer-Zucker et al., 2005) . The distribution of cilia predicts a strong leftward flow in the anterior region of the vesicle, and a slow backflow in the central and posterior regions of the vesicle (Kreiling et al., 2007) . The flow of fluid is translated into asymmetric patterns of gene expression, which drive the development of left-right asymmetry in multiple organ systems (Essner et al., 2005; Kramer-Zucker et al., 2005) . Several studies have shown that Ca 2+ plays a role during the segmentation period in Kupffer's vesicle function (Bisgrove et al., 2005; Sarmah et al., 2005; Schottenfeld et al., 2007; Shu et al., 2007) . Our results show that Ca 2+ plays an additional role in Kupffer's vesicle formation. This early role of Ca 2+ is supported by a recent study, which also shows Kupffer's vesicle defects in zebrafish embryos following various Ca 2+ manipulations (Schneider et al., 2008) . Schneider et al. show that a pulse treatment with 2.5 lM thapsigargin induces a nuclear localization of ß-catenin at 80% epiboly and induces a dispersal of the dorsal forerunner cells during the early somite stages. Kupffer's vesicle is reduced or absent in these embryos and markers of lateral plate mesoderm are affected during later development (19-23 somite stage). For example, southpaw (spaw), normally expressed left-sided in the lateral plate mesoderm, is expressed bilaterally in 84% of thapsigargin-treated embryos. The thapsigargin-induced nuclear localization of ß-catenin (Schneider et al., 2008) and down-regulation of ntl expression (this study), raise the possibility that the Ntl and ß-catenin pathways interact. This interaction might involve non-canonical Wnt signals, which act synergistically with Ntl in zebrafish development (Marlow et al., 2004) and are negative regulators of Wnt ß-catenin signaling (Slusarski and Pelegri, 2007 
4.
Materials and methods
Zebrafish embryos
Wild type zebrafish were obtained from Carolina Biological. The fish were maintained in a mixed population on a 14 h light/ 10 h dark cycle. Embryos were collected from the tank at 'dawn' and were raised at 28°C in culture medium, containing 60 mg/l sea salt (Instant Ocean) and 0.25 mg/l methylene blue in deionized water. The embryos were staged by hours post fertilization (hpf) and morphological criteria (Kimmel et al., 1995) .
4.2.
Ca 2+ manipulation
The ER Ca 2+ pump was suppressed with 0.5 lM thapsigargin (Sigma) or 5 lM cyclopiazonic acid (CPA, Calbiochem), added to the culture medium from a 1000· stock in dimethyl sulfoxide (DMSO). As a control, DMSO was diluted 1000· in culture medium. Unless stated otherwise, the embryos were treated from 4 to 6 hpf, washed, and raised inside their chorions until the desired stage of development. Treatments from 4-6, 6-8, and 8-10 hpf are referred to as early, mid, and late gastrulation to indicate the mid-point of the treatment, which is also the time that Ca 2+ elevations can first be observed (Creton, 2004 2+ patterns were imaged on a Zeiss LSM510 Meta confocal microscope, using a 10· Plan-Neofluar objective (NA 0.3). Oregon Green BAPTA-1 was imaged using a 488 laser and a 505-550 nm emission filter and Texas Red was imaged using a 561 nm laser and a LP 575 nm emission filter. We collected 20 lm optical slices by adjusting the confocal pinholes, which contributes to good sensitivity at low laser power (AOTF was set at 6% power). Meta- (Shu et al., 2007) and translating a counter-clockwise flow of fluid into asymmetric patterns of gene expression (Bisgrove et al., 2005; Sarmah et al., 2005; Schottenfeld et al., 2007) . The present study provides evidence for an additional role of Ca 2+ preceding ntl expression and the formation of Kupffer's vesicle (see discussion for a more detailed description of this model).
Morph 7.0 image analysis software was used to measure the average intensities of green and red fluorescence in identical regions of interest. The Green/Red ratios were then calculated and the corresponding concentration of free cytosolic Ca 2+ was determined using the equation: Ca
, with K d = 620 nM, R = measured ratio, R min = 0.7, and R max = 4.1. The observed patterns of Oregon Green BAPTA-1 dextran and Texas Red dextran were examined as overlay images and as pseudo-colored ratiometric images.
Imaging embryo morphology
Embryos were dechorionated with tweezers and transferred to a glass-bottom culture dish (Fluorodish, World Precision Instruments) containing 2% methyl cellulose in culture medium. The embryos were examined by bright field microscopy using a Zeiss Axiovert 200 M light microscope equipped with an Axiocam MRc5 color camera. An overview of embryo morphology was obtained using a 5· objective. A 20· objective was used to image the heart beat.
4.5.
Subtractive imaging of the heart beat
To visualize the orientation of the heart, we used a subtractive imaging technique, that is similar to a subtractive approach described previously (Schwerte and Pelster, 2000) , but does not require a high-speed interlaced video camera. This approach is completely non-invasive, and does not require fluorescent indicators, while providing a clear outline of the heart in a still image. The beating heart was imaged by taking a 30-frame movie at a rate of 5 frames per second. Then, subsequent images in the movie were subtracted from each other. This subtraction hides structures that remain stationary, while highlighting structures that move. To facilitate the subtraction of subsequent images, we imported the 30-frame movies in MetaMorph image analysis software, created one stack containing image 1-29 and a second stack containing image 2-30. The two stacks were then subtracted and the resulting stack of images was collapsed into a maximum projection. The maximum projection was adjusted for brightness and contrast, pseudo-colored in green, and combined with a bright field image.
4.6.
In situ hybridization
Patterns of gene expression were examined by whole-mount in situ hybridization (C. Thisse and B. Thisse, ZFIN zebrafish book (Sprague et al., 2006) . In summary, embryos were fixed overnight in 4% paraformaldehyde in PBS, dechorionated with tweezers, and stored in methanol at À20°C. On day 1 of the in situ hybridization, embryos were rehydrated, permeabilized, and incubated for 1-2 h at 65°C in a prehybridization buffer. The embryos were then hybridized overnight at 65°C in 200 ll buffer containing 1 lg of a DIG-labeled antisense RNA probe. The antisense probes were synthesized with T7 RNA polymerase and DIG-labeled UTP (Roche), using linearized vectors as a template. On day 2, the embryos were washed and processed for immunolabeling using a 1:2000 dilution of Anti-Digoxigenin-AP (Roche). On day 3, the embryos were washed, stained for 1-3 h in 20 ll NBT/BCIP (Roche), and fixed overnight in 4% paraformaldehyde. The embryos were then imaged by bright field microscopy.
4.7.
Immunolabeling of acetylated tubulin
Cilia and neurons were labeled using a monoclonal antibody to acetylated a tubulin (Covance, MMS-413R). For neural labeling at 4 dpf, embryos were grown in culture medium containing 0.003% 1-phenyl-2-thiourea (PTU) to inhibit pigment formation. The embryos were fixed overnight at 4°C in 4% paraformaldehyde in 4% sucrose, 0.15 mM CaCl 2 , 90 mM PO 4 buffer, pH 7.3. The embryos were then rinsed in 0.1 M phosphate buffer, pH 7.3, and dechorionated with tweezers. Embryos not processed immediately were stored in methanol at 4°C, and were slowly rehydrated in a graded series of phosphate buffer for further processing. The embryos were permeablized by incubating in acetone at À20°C for 7 min. To reduce non-specific binding by antibodies, sites were blocked by incubating the embryos for 30 min at room temperature in 0.1 M phosphate buffered saline pH 7.3 (PBS), containing 1% bovine serum albumen (BSA), 1% dimethyl sulfoxide (DMSO), 2% goat serum, and 0.1% Triton-X 100. The embryos were incubated overnight at 4°C in the blocking buffer, containing a 1:500 dilution of the primary antibody. Excess primary antibody was removed by washing for 2 h in PBS. Embryos were probed overnight at 4°C with an Alexa488-labeled secondary antibody (Invitrogen) diluted 1:500 in blocking buffer. Excess secondary antibody was removed by washing for 2 h in PBS. Labeled embryos were mounted in slowfade (Invitrogen) and imaged on a Leica TCS SP2 AOBS confocal microscope using a 20· dry objective (neural patterns in the brain) or a 63· water-immersion objective with a 2· zoom (cilia in Kupffer's vesicle). The 488 laser line was used for excitation and emitted light was collected between 500 and 600 nm. Z-stacks containing 50 images were acquired and examined by 3D stereo projection and animation. The z-stacks were then collapsed into a maximum projection using Leica's LCS software.
4.8.
Syto 11 staining of the dorsal forerunner cells
The dorsal forerunner cells were stained using the vital dye Syto11 (Cooper and D'Amico, 1996) . Embryos were kept inside their chorions and were incubated in 15 lM Syto11 (Invitrogen) from 4 to 4:30 hpf. The embryos were washed with embryo medium, treated with thapsigargin or DMSO from 4:30 to 6:30 hpf and imaged in vivo at 7 hpf on a Leica TCS SP2 AOBS confocal microscope using a 20· objective. The area of staining was measured using MetaMorph software.
